.-Human primary and clonal synovial cells were incubated with glutamate receptor agonists to assess their modulating influence on glutamate receptors N-methyl-D-aspartate (NMDA) NR1 and NR2 and inflammatory cytokines to determine potential for paracrine or autocrine (neurocrine) upregulation of glutamate receptors, as has been shown for bone and chondrocytes. Clonal SW982 synoviocytes constitutively express vimentin, smooth muscle actin (SMA), and NMDA NR1 and NR2. Coincubation (6 h) with glutamate agonists NMDA (5 M), and the NMDA NR1 glycine site activator (Ϯ)1-aminocyclopentane-cis-1,3-dicarboxylic acid (5 M), significantly increases cellular mRNA and protein levels of glutamate receptors, as well as increasing vimentin, SMA, tumor necrosis factor-␣, and RANTES (regulated on activation, normal T-cell expressed and secreted), assessed qualitatively and quantitatively with nucleotide amplification, image analysis of immunocytochemical staining, fluorescein-activated cell sorting, Western blotting, and immunoassays. Human primary synovial cells harvested from patients with arthritic conditions also constitutively expressed NMDA NR1 with increases after agonist treatment. Glutamate receptor agonist-induced increases were blocked by the noncompetitive glutamate antagonist MK-801 (8 g/ml) and NR1 blocking antibody. Coincubation with glutamate agonists and phorbol 12-myristate 13-acetate, a protein kinase C activator, significantly enhanced mean levels of TNF-␣ and RANTES in SW982 cell supernatants compared with incubation with either agent alone. Increases were diminished with protein kinase inhibitor and NR1 blocking antibody. The functional activation of glutamate receptors on human synoviocytes establishes a neurogenic cell signaling link between neurotransmitter glutamate released from nerve terminals and target cells in the joint capsule. The influence of glutamate on subsequent release of cellular proinflammatory mediators in non-neural tissue for activation of downstream immune events supports a peripheral neuroimmune link in arthritis. neurogenic inflammation; arthritis; glutamate receptor; cytokines, protein kinase C; pain DUAL SENSORY-EFFERENT FUNCTION is part of the neuroregulatory response of peripheral nociceptive nerve fibers after injury and in inflammatory states that mediates local vasodilation and edema (56) through release of neuropeptides such as substance P and calcitonin gene-related peptide (22). It is firmly established that excitatory amino acid neurotransmitters also contribute directly to the inflammatory cascades, joint dysfunction, and pain of arthritis by mechanisms that include peripheral nerve and spinal cord sensitization, glial release of tumor necrosis factor-␣ (TNF-␣), and dorsal root reflexes (2, 3, 6, 21, 23, 25, 30, 31, 34, 35, 42-51, 53, 58 -60, 62, 63). There is emerging support for the concept that glutamate receptors on nonneural cells locally in joint tissue are activated by pathophysiological levels of glutamate to cause increased blood flow and bone resorption (2, 7, 8, 15, 24, 29, 30, 35, 41, 42) . Previous studies indicate that osteoblasts secrete glutamate and express glutamate receptors (13, 14) . The present study characterizes the N-methyl-D-aspartate (NMDA) receptors on nonneuronal synoviocytes. Functional glutamate NMDA receptor channels, however, require obligatory binding of the coagonist glycine (Gly) to the Gly-binding site located on the NR1 subunit to mediate ion influx (17). Thus in these studies we combined administration of NMDA and (Ϯ)1-aminocyclopentane-cis-1,3-dicarboxylic acid (ACPD) for coactivation of NMDA receptors on synoviocytes. Response to activation of glutamate NMDA receptors is secretion of inflammatory mediators that in turn can directly activate peripheral nerve endings and the immune response (9, 18, 19, 24, 25, 56, 61) .
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Induction of experimental arthritis leads to increases in the excitatory amino acids (EAA) glutamate (Glu) and aspartate (Asp) in the spinal cord dorsal horn (45, 47, 48, 50, 54, 59) , as well as locally in the knee joint synovial fluid (23, 25) . Elevated levels of these glutamate receptor agonists are correlated with the development and time course of inflammatory swelling and blood flow changes (24, 43, 49, 52) and the hypersensitivity measureable electrophysiologically and behaviorally in rats, cats, and primates (3, 18, 21, 23, 37, 40, 43, 46, 53, 59, 62, 63) . Thus glutamate is proposed as a major neurogenic factor affecting the activation state of both the central and peripheral terminals of primary afferent nerve fibers and as a potentiator of the dorsal root reflexes that enhance and prolong inflammation and nociceptive responses (29, 30, 36 -38, 43, 51, 53, 54) .
Elevated levels of Glu and Asp have been reported in the synovial fluid of patients with clinically active arthritis (31, 32) . Correlations between synovial fluid EAA levels and synovial fluid levels of inflammatory mediators TNF-␣, regulated on activation, normal T-cell expressed and secreted (RANTES), and interleukin-8 (IL-8) also have been reported in human arthrop-athies of rheumatoid arthritis, acute gout, and osteoarthritis (31) . The addition of L-glutamate to primary synovial cell cultures harvested from patients with arthropathies increases TNF-␣ levels in vitro (31) . The following experimental data support a neurogenic role for synovial fluid EAA with effector actions on peripheral nonneural tissue: 1) EAA levels increase over several hours in inflamed knee joints, with fluctuation ranging from normal to elevations of several fold (23, 25) . The increased levels can be blocked by pretreatment with intraarticular glutamate antagonists or lidocaine. 2) Direct intraarticular injection of Glu and Asp increases blood flow to the joint and is counteracted by glutamate antagonists (23) .
3) Local injection of glutamate agonists induces pain-related behaviors, including secondary heat and mechanical hyperalgesia and allodynia, and is blocked by glutamate receptor antagonists (23) .
Although glutamate-mediated inflammatory and pain-related events have been an intense focus of our studies, the role of glutamate receptor activation on local cellular targets has not been directly addressed previously. The present study demonstrates glutamate NMDA receptors on human nonneuronal synoviocytes. NMDA receptors assemble from two Gly-binding NR1 subunits with two Glu-binding NR2 subunits to form functional Glu-gated excitatory receptors that when coactivated mediate plastic responses. Efficient NMDA receptor activation promoting LTP-like activation requires not only Glu but also a coagonist, Gly (17) . The NMDA and ACPD used in this study are potent activators of the Glu and the Gly binding sites, respectively, on NMDA receptor subunits. Synoviocytes that line the knee joint secrete inflammatory mediators and proliferate in inflammatory states. The glutamate dl-␣-amino-3-hydroxy-5-methylisoxazole-propionic acid (AMPA) receptor antagonist NBQX and the channel blocker memantine have been shown to inhibit synoviocyte proliferation (34) . The present study demonstrates that specific coactivation of the glutamate receptors on the cells in vitro, i.e., in conditions independent of neural and humoral influences, results in the upregulation of specific cellular proteins, including inflammatory mediators. These results are consistent with a role for neurotransmitter Glu, glutamate nerve terminals, and their subsequent effector influences on targeted peripheral tissues in the promotion and maintenance of sensitized pain states and inflammatory events.
MATERIAL AND METHODS
Cell cultures. The clonal cell line SW982, derived from a human synovial sarcoma, was obtained through American Type Culture Collection (HTB-93; Bethesda, MD). Immunocytochemical studies ascertained that these cells were vimentin positive, smooth muscle actin positive, and CD11b negative, consistent with the phenotype of type B synovial cell fibroblasts. In addition, the SW982 cells did not stain with anti-neuronal nuclei (neuN) antibody. The cells were maintained and grown in Leibowitz medium, 10% heat-inactivated fetal calf serum, 2 mM L-Glu, 1,000 U/ml penicillin G, and 1,000 pg/ml streptomycin (all from GIBCO, Grand Island, NY). Cells were incubated in a humidified cell incubator at 37°C with ambient CO 2 and used in passages 4 -21. Cells were split using 0.25% trypsin-0.02% EDTA disruption and plated in a six-well plate on glass slides at a density of 200,000 cells/well for immunocytochemistry and plated in a 24-well plate at 35,000 cells/well for immunoassays. Cells were allowed to grow to 30 -50% confluency for 24 h before treatment.
Primary human synovial cell cultures were derived from synovial fluid obtained at the time of therapeutic arthrocentesis from patients diagnosed with rheumatoid arthritis or psoriatic arthritis according to the American College of Rheumatology diagnostic criteria (20) and collected under Institutional Review Board approval and guidelines. The culture protocol was slightly modified from previously established methods (9) . The fluid was plated within 40 min of arthrocentesis on sterile glass coverslips in a 1:2 dilution of DMEM, 10% heat-inactivated fetal calf serum, 2 mM L-Glu, 1,000 U/ml penicillin G, and 1,000 pg/ml streptomycin overnight. For the next 2 days, nonadherent cells were removed by multiple washings with sterile PBS. The adherent cells were then incubated in DMEM buffer as described above for 14 -21 days, with several washings and clearing of nonadherent cells before initiation of the experiment. The primary cell cultures were incubated at 37°C with 5% CO 2. Cell viability was monitored by using a cytotoxicity detection kit for lactate dehydrogenase (LDH; Roche Diagnostics, Indianapolis, IN) (26) and by trypan blue dye exclusion. Cell viability Ͼ95% in SW982 and primary synovial cell cultures was maintained throughout the experiments (Ͼ24 h). No primary cell proliferation was noted.
Treatment of human synovial cells with cellular activators and inhibitors. Separate and combined incubations with NMDA and ACPD (trans-ACPD; Tocris Cookson, Ellisville, MO) were used to activate glutamate receptors for these experiments. Dose-response (0, 0.1, 0.5, 5, 25, and 50 M) and time-course experiments (0, 2, 4, 6, 12, 24 and 48 h) were performed to determine the minimal doses and incubation times for glutamate agonist activation. Increased NR1 expression was noted with both NMDA and ACPD incubations, but the maximum increase was noted at the smallest dose using 5 M NMDA and 5 M ACPD. Therefore, coincubations with 5 M NMDA and 5 M ACPD for 6 h were used for all experiments unless otherwise indicated. Primary cell lines were incubated in their regular growth media containing 5 M NMDA and 5 M ACPD for 6 h unless otherwise indicated. Preincubation of the SW982 cells with the potent, selective, and noncompetitive glutamate receptor antagonist MK-801 [(ϩ)-MK-801 maleate; Tocris, Ellisville, MO] before addition of NMDA and ACPD was also done to assess specificity of the glutamate receptor agonist activation. The MK-801 dose presented is 10 g/ml, although doses tested ranged from 0.5 to 50 g/ml. The above-described and all other experiments were performed in triplicate conditions for a minimum of three times unless otherwise stated.
Incubation with NMDA and ACPD does not significantly increase TNF-␣ protein expression in the primary or SW982 cell supernatants in most cases. Therefore, in some experiments, phorbol 12-myristate, 13-acetate (PMA; Sigma Chemical, St. Louis, MO), which activates protein kinase C (PKC) and upregulates TNF-␣ protein expression in the cell supernatant, was added to the cell incubations to generate a predictable submaximal activation of the cultures. Dose-response experiments were performed to determine the dose that would generate a submaximal response (PMA dose range of 0.5-100 nM). In these studies, PMA was added to cell cultures at a final concentration of 25 nM, 6 h after the addition of NMDA (5 M) and ACPD (5 M), for a final incubation time of 24 h, unless otherwise stated. At the end of the coincubations with NMDA, ACPD, and PMA, the cell supernatants were pelleted and assayed for cellular cytokines TNF-␣ or RANTES, as detailed below. Cellular disruption by sonication did not increase TNF-␣ concentrations in the cell supernatant above that for intact cells.
Bisindolylmaleimide-1 (Bis; Calbiochem, La Jolla, CA), a specific PKC inhibitor, was prepared in sterile solution according to the manufacturer's recommendations. The Bis was added to the cell cultures (final concentration range: 0 -1 M) 1 h before the addition of NMDA and ACPD and 7 h before the addition of PMA. Doseresponse curves and cell cytotoxicity assays were used to assess minimal effective dose and sustained cell viability Ն95% in the presence of the inhibitor. It was determined that final doses of Bis Ͼ500 nM affected cell viability. Additional positively staining antibody used to characterize the cells included mouse monoclonal anti-NMDA NR2 subunit antibody (Tocris Cookson; 1:100 dilution), mouse monoclonal anti-vimentin antibody (DakoCytomation, Glostrup, Denmark; 1:400 dilution), or mouse monoclonal anti-smooth muscle actin (SMA; DakoCytomation; 1:200 dilution). Matched nonspecific antibodies were used at appropriate dilutions to serve as negative antibody controls. The nonspecific negative controls included mouse monoclonal anti-CD21 monoclonal antibody (HB-135; ATCC), normal mouse IgG, normal rabbit serum, normal rabbit IgG, and NGS (Sigma Chemical). Immunochemical negative controls included wells processed in the absence of primary or secondary antibody, and these showed no staining. In all staining experiments, matched nonspecific primary antibody controls were also performed on untreated and treated controls to confirm the specificity of the specific primary antibody. The cell staining experiments with positive and negative controls were performed a minimum of three times.
After coverslips were applied with hard-set mounting medium with or without 4,6-diamidino-2-phenylindole nuclei counterstain (Vector Laboratories, Burlingame, CA), the stained cells were visualized with a Nikon microscope (E1000; Nikon, Corning, NY) equipped with a SPOT digital camera system (Nikon Instruments, Melville, NY). Photomicrographs were generated with MetaVue software (Molecular Imaging Systems, Downington, PA). Specificity of immunostaining by each primary antibody was confirmed by an absence of staining when 1) the primary antibody was deleted, 2) only matched nonspecific antibody at the same dilution was used, or 3) matched nonspecific antibody controls did not yield immunofluorescence in untreated (control) or treated cells. All immunostaining was processed at the same time with the same solutions so that valid comparisons could be made across treatment groups.
Quantification of immunostaining. For immunochemical quantification, data for image analysis were collected using the Bioquant True Color Windows 98 image analyzer system software with an Optronics DEI 750 camera (Bioquant Image Analysis, Nashville, TN). Under the same conditions, stained sections were observed, photomicrographs taken, and stain densities quantified. Mean fluorescence density (arbitrary units, au) and areas (m 2 ) of whole cells were derived from two independent experiments using an unbiased sampling method. According to the manufacturer's protocol, densities and areas were measured from two sets of nine fields sampled from a standardized nine-point grid transferred to the coverslip back. Data were obtained on whole cells in the nine fields at ϫ40 magnification, which included Ͼ80 cells per experiment. Mean fluorescence intensity is expressed as per the protocol in arbitrary units normalized to unstained cells.
Fluorescence-activated cell sorting analysis. Adherent SW982 cells were prepared for fluorescence-activated cell sorting (FACS) analysis using the following protocol. Cells were detached from flasks using Cell Dissociation solution (Sigma Chemical). Cells were washed three times in PBS (phosphate-buffered saline containing 0.9 mM CaCl2 and 0.5 mM MgCl2) with 1% BSA. The pelleted cells were resuspended and aldehyde-fixed using 200 l of a mixture of methanol and 4% paraformaldehyde (1:1, vol/vol) for 5 min at room temperature. Cells were pretreated with 200 l of PBS, with 3% NGS (Sigma Chemical) and 0.01% Triton X-100 (Sigma Chemical) for 30 min at room temperature and were then washed three times with PBS. Cells were aliquoted as 200,000 cells per condition and incubated with primary antibody (control, normal rabbit serum, or rabbit polyclonal anti-NMDA NR1 glutamate receptor antibody; Chemicon International; 1:100 dilution), 0.01% Triton X-100, and 1% NGS for 1 h at room temperature. Mouse monoclonal anti-vimentin antibody (DakoCytomation; 1:400 dilution) was used as a positive control for these experiments. The cells were washed three times with PBS and resuspended in 200 ml of PBS containing second antibody (FITClabeled goat anti-rabbit; Molecular Probes; 1:200 dilution) or rabbit anti-mouse IgG with a fluorescent Alexa tag (Molecular Probes; 1:100 dilution) in 0.01 Triton X-100 and 1% NGS for 1 h at room temperature.
At the end of the second incubation, the cells were washed three times in PBS, and the pellet was resuspended in 50 ml of PAB (PBS buffer that is Ca 2ϩ and Mg 2ϩ free with 0.01% sodium azide and 1% BSA). The cells were transferred to polystyrene tubes for FACS (Falcon; Becton Dickinson Labware, Franklin Lakes, NJ) and titrated to a final volume of 500 ml with PBS. Fluorescence intensity was measured at 530 nM. A population of 10,000 cells was counted for each condition. The FACS measurements were repeated three times using rabbit specific and nonspecific antibodies and in another set of experiments using mouse monoclonal specific NMDA NR1 and nonspecific antibodies as controls.
Western blot analysis. Cytosolic protein extracts were obtained using established methods (31) . Protein lysates (40 g protein/well for SW982 cell lysates and 10 g/well for brain tissue lysate) from cytosolic cell fractions were diluted in 4ϫ SDS loading buffer [100 ml of SDS buffer contained 3 g of Tris, 8 g of SDS, 2.5 g of DTT, 0.05 g of bromphenol blue, and 40% (vol/vol) glycerol] and loaded onto a 10% SDS-polyacrylamide denaturing gel. After electrophoresis (1-2 h at 50 mA), the gels were blotted onto nitrocellulose membranes by overnight electrophoretic transfer. Membranes were then incubated with mouse monoclonal anti-NR1 (BD Biosciences-Pharmingen; 1:1,000) or goat polyclonal anti-NR1 antibody (Santa Cruz Biotechnology; 1:1,000), mouse monoclonal anti-vimentin antibody (1:1,000), or matched nonspecific antibody controls. Reactive bands were detected by a chemiluminescent Western blot detection kit (Amersham Biosciences, Piscataway, NJ) according to the manufacturer's instructions. Staining for ␤-actin was used as an internal control. Band intensity was measured by densitometry with the densitometry program, using Labworks image acquisition and analysis software (UVP Bioimaging, Upland, CA), from three separate blotting experiments.
RT-PCR and real-time PCR. Low-passage SW982 cell cultures were grown in 75-mm flasks until they reached 70 -80% confluence. Cell flasks were then either untreated, as controls, or treated with 5 M NMDA and 5 M ACPD in cell medium and incubated for 6 h. The cells were harvested by disruption by removal of the incubation medium and extraction of total RNA using the Trizol reagent per the manufacturer's protocol (catalog no. 10296028; Invitrogen, Carlsbad, CA). The cell culture protocol for treated and untreated cells was performed in three separate experiments. First-strand cDNAs were synthesized from total RNA by RT using the SuperScript III firststrand kit (catalog no. 18080051; Invitrogen) with random hexamer primers as described by the manufacturer.
Quantitative real-time PCR analysis was performed using an Applied Biosystems 7000 sequence detection system (ABI, Foster City, CA). Each sample was analyzed in triplicate, and the means were used for statistical purposes. The thermal profiles were obtained using 2-min incubation at 50°C, followed by an initial 10-min denaturation step at 95°C and by 40 cycles of 1 min each at 60°C, plus 15 s at 95°C.
Significant contamination with genomic DNA was excluded by amplifying non-reverse-transcribed RNA. The probes and primers NMDA NR1 (Hs00609557_m1) and ␤-actin (Hs99999903 m1) were ordered from Applied Biosystems. The threshold cycle (Ct), i.e., the cycle number at which the amount of amplified gene of interest reached a fixed threshold, was determined subsequently. Relative quantification of NMDA NR1 mRNA expression was calculated using the comparative Ct method described elsewhere (26, 33) . The relative quantification value of target, normalized to an endogenous control ␤-actin gene and relative to a control, is expressed as 2 ⌬⌬c t (fold), where ⌬Ct ϭ Ct of target gene (NMDA NR1) Ϫ Ct of endogenous control gene (␤-actin), and ⌬⌬Ct ϭ ⌬Ct of samples for target gene Ϫ ⌬Ct of the control for the target gene. Two microliters of synthesized cDNA from each individual sample were used to amplify NMDA NR1 and ␤-actin, respectively.
Amplification of NMDA NR2 A, B, C, and D subunits was performed via reverse transcriptase-PCR (RT-PCR). Total RNA was extracted from untreated SW982 and selectively amplified for NMDA NR2 A-D subunits. The amplified NMDA NR2 subunit cDNA fragments were extracted from the gel, and subunit identity was confirmed by nucleotide sequencing. The NMDA NR2 subunit fragments were amplified from designed 20-base pair primers amplified from the following nucleotide regions of the NMDA NR2 subunit nucleotide templates provided by GenBank (National Center for Biotechnology Information, Bethesda, MD) and generated by the University of Texas Medical Branch Biochemistry and Molecular Biology Core (Galveston, TX). Amplified NMDA NR2 fragment identities were confirmed by dideoxynucleotide sequencing at the UTMB Biochemistry and Molecular Biology Core. The accession numbers, primer locations, and primer sequences for each NMDA NR2 subunit are as follows: NMDA NR2A (4,745 bp), NM_001134408, nt 1953-2303, forward: gttggatacaacagaaacttagc, reverse: gatagttattccgaatgtttctc; NMDANR2B (5,941 bp), NM_000834, nt 2840 -3251, forward: caccgcaaccatgaacaacacac, reverse: gtccaggggcttcttgctgatg; NMDA NR2C (4,298 bp), NM_000835, nt 1473-1932, forward: gaggtgctcttcgcggaggctgcac, reverse: atactggatacttcatgtacag; tk;3and NMDA NR2D (5,109 bp), NM_000836, nt 1631-1984, forward: aagaagatcgatggcgtctgg, reverse: ggatttcccaatggtgaaggttga.
Additional amplification regions were performed for the NMDA NR2C subunit, because amplification from nt region 1977-2379 was successful in human brain cDNA but not successful from human synoviocyte cDNA. The additional NMDA NR2C regions yielded successful amplification fragments from human brain (nt 307-747 and nt 1473-1932). Commercially obtained total brain extract (Ambion, Austin, TX) served as positive control for all subunits as shown. Reactions performed in the absence of DNA yielded no detectable bands.
Cellular cytokine and chemokine detection assays. To assess the effects of glutamate receptor activation on the expression of cellular inflammatory mediators, we measured quantitation of cell supernatant TNF-␣ and RANTES. Cellular TNF-␣ levels were measured from cell culture supernatants using a TNF-␣ ELISA (R&D Systems, Minneapolis, MN). Cellular RANTES levels were measured from cell culture supernatants using a RANTES ELISA (R&D Systems). Conditions were run in triplicate, and experiments were repeated a minimum of three times; therefore, each condition represents a mean of nine samples.
Histological confirmation in rat inflamed knee joint. The presence of glutamate receptors was confirmed in histological samples from control and inflamed knee joints harvested from rats. One knee joint of anesthetized rats was injected with complete Freund's adjuvant (CFA; 250 mg of Myobacterium butyricum, 0.01 ml in saline). After 1 wk, animals were perfused with warm saline (30 ml), followed by 4% phosphate-buffered paraformaldehyde (500 ml). Knee joints were dissected, and histological sections were cut and stained immunocytochemically for NR1 as described above or with hematoxylin and eosin.
Statistics. Mann-Whitney U-tests were used to assess significant differences in mean values when comparing three or more groups. Student's t-tests were also used for comparisons between pairs. A P value Ͻ0.05 was considered significant. Data are means Ϯ SE.
RESULTS
Glutamate receptor activation increases NMDA NR1 immunostaining in synoviocytes. Glutamate NMDA NR1 subunit protein was constitutively expressed in human clonal SW982 synoviocytes. Figure 1 illustrates the immunocytochemical localization of NMDA NR1 cellular subunit protein in cultured human SW982 synoviocytes. Figure 1A shows glutamate receptor NMDA NR1 subunit in SW982 cells under baseline conditions. A 2-h coincubation with glutamate receptor agonists NMDA and ACPD markedly increased cellular staining along the nuclear rim (Fig. 1B) . A 6-h coincubation with glutamate receptor agonists NMDA and ACPD markedly increased cellular staining in the perinuclear, nuclear, and cytosolic regions and increased cell size, as shown in Fig. 1C . Similar increases in NMDA NR1 subunit protein were also noted after 24-h incubations with NMDA and ACPD (Fig. 1D) . Cellular viability was maintained, as determined by LDH cytotoxicity assays. Similar increases in NMDA NR1 subunit protein expression were obtained with either polyclonal or monoclonal antibodies directed against either the COOH or NH 2 terminus of NMDA NR1 subunit protein. Incubation with NMDA alone or ACPD alone resulted in increases in NMDA NR1 expression, but optimal increases were noted with coincubation of both agonists. Incubation of the SW982 cells with 10 M Asp also resulted in increased staining of NMDA NR1 subunit protein in the cytosolic and nuclear regions. No cellular staining was detected when normal rabbit serum (Fig. 1E) or matched nonspecific isotypic antibody was used as the primary antibody. A change in cellular morphology was noted in cell cultures after 24-h incubations with 5 M NMDA and 5 M ACPD (Fig. 1, C and D) . The cells appeared larger and had expansive shapes ( Fig. 1D compared with Fig. 1A ). Computed areas of the clonal synoviocytes were significantly increased comparing untreated and treated cells (633.7 Ϯ 32.3 vs. 798.9 Ϯ 48.6 m 2 , respectively, P ϭ 0.004). Detection of NMDA NR1 FACS. FACS was also used to demonstrate NMDA NR1 subunit protein on SW982 cells, as shown in Fig. 1F . All cell aliquots were first treated with 5 M NMDA and 5 M ACPD, with the exception of the untreated control (peak 3, in green). Treated cells incubated with the second antibody alone (FITC-goat anti-rabbit antibody) are shown as peak 1 (in blue). Peak 2 (in red) depicts treated cells incubated with normal rabbit serum as the matched, nonspecific antibody control. Peaks 3 and 4 (in orange) demonstrate the fluorescence intensities of protein staining for NMDA NR1. Peak 3 depicts untreated cells stained with rabbit anti-NMDA NR1 antibody, showing that fluorescence clearly increased over the nonspecific antibody control (peak 2). Peak 4 shows that when the cells were treated with NMDA and ACPD and then stained with rabbit anti-NMDA NR1 antibody, there was a slight shift in the fluorescence intensity compared with the staining of untreated cells (peak 3). Peak 5 (magenta) represents the fluorescence intensity observed in cells stained with monoclonal mouse anti-vimentin antibody after treatment with NMDA and ACPD.
The FACS experiment was also performed with mouse monoclonal antibodies. Shifts in peak intensity over nonspecific controls similar to those observed in peaks 3 and 4 were seen using mouse monoclonal anti-NR1 antibody. The fluorescence intensity peaks of untreated control cells and treated cells stained with nonspecific mouse antibody were identical to the peaks of NMDA-and ACPD-treated cells shown in peak 2.
MK-801 blocks NMDA NR1 staining increase in synoviocytes. The increase in NMDA NR1 staining with NMDA and ACPD incubation was blocked by preincubation of the SW982 synoviocytes with the selective NMDA receptor antagonist MK-801. Figure 2 demonstrates NMDA NR1 staining of unstimulated SW982 cells ( Fig. 2A) , after 6-h incubation with 5 M NMDA and 5 M ACPD (Fig. 2B) , and with preincubation with 10 M MK-801 before the addition of NMDA and ACPD (Fig. 2C) .
Immunocytochemical localization of NMDA NR1 on primary synovial cells. Primary synovial cell cultures were established from synovial fluid samples from patients with clinically symptomatic rheumatoid arthritis. Results for the primary synovial cultures were similar to those obtained for the clonal synoviocytes. Negligible cell staining was detected in primary synoviocyte cultures treated with nonspecific isotypic antibody controls (Fig. 3A) . Staining for NMDA NR1 protein was demonstrated in the primary synovial cell cultures under unstimulated conditions (Fig. 3B) . Staining for NMDA NR1 protein was increased after 6-h incubation with 5 M NMDA and 5 M ACPD (Fig. 3C ) compared with untreated cells (Fig.  3B) . A change in cellular morphology was also noted in the primary cultures after 24-h incubations with 5 M NMDA and 5 M ACPD compared with unstimulated primary synovial cultures (Fig. 3A) , as previously noted for the clonal synovial cell cultures.
Glutamate receptor activation upregulates NMDA NR2 on human synoviocytes. Fluorescent immunostaining of glutamate NMDA NR2 subunit protein was also constitutively expressed in human clonal SW982 synoviocytes. Glutamate NMDA ionotropic receptors exist as multiple subtypes with distinct pharmacological and biophysical properties (i.e., channel open probability) that are largely determined by the type of NR2 subunit incorporated in the heteromeric NR1/NR2 complex. These studies confirmed the presence of NMDA NR2 gluta- Figure 4A shows SW982 cells with fluorescent immunostaining demonstrating cellular glutamate receptor NMDA NR2 subunit under baseline conditions. A 6-h coincubation with glutamate receptor agonists NMDA and ACPD markedly increased cellular staining in perinuclear and cytosolic regions (Fig. 4B) . Figure 4C demonstrates the results of amplification of NMDA NR2 subunits by RT-PCR in total RNA extracts of Glutamate receptor activation increases vimentin, NR1 and NR2, CD11b, or CD21 in human synoviocytes. The effect of glutamate receptor activation on additional cellular activation proteins was also assessed in SW982 cultured synoviocytes. Cellular staining of intracellular protein vimentin is shown in unstimulated cultures in Fig. 5A . There was a marked increase in cytosolic staining for vimentin after a 6-h coincubation with 5 M NMDA and 5 M ACPD (Fig. 5B) . A perinuclear distribution of vimentin was noted in some cells, but there was no increase in staining in the nuclear region. The SMA and other proteins typically upregulated by cellular activation, CD11b and CD21, were not changed after glutamate treatments. A semiquantitative protocol for immunofluorescent staining density was used to assess relative content of stained cellular synoviocyte proteins in the context of glutamate receptor activation with NMDA and ACPD in SW982 cells. Comparisons between treated and untreated pairs for each protein were performed and are shown in Fig. 5C . There was minimal immunofluorescence staining density in the nonspecific antibody controls for untreated and NMDA-and ACPDtreated cells (0.76 Ϯ 0.13 au). The maximum fluorescence density was obtained with cells stained with the anti-vimentin antibody. The untreated cells had a mean vimentin density staining of 54.24 Ϯ 28.12 au, which was significantly increased with glutamate receptor activation (89.34 Ϯ 31.69 au, P Ͻ 0.01).
The mean fluorescence density detected for SMA protein remained constant comparing untreated cultures (Fig. 5C,  16 .91 Ϯ 7.81 au) with NMDA-and ACPD-treated cultures (17.85 Ϯ 7.57 au). Mean fluorescence density scores were minimal for incubations with antibody against CD11b and CD21. No increase in stain density was obtained in coincubations, indicating these proteins were not influenced by NMDA and ACPD, as shown.
The mean fluorescence density obtained for NMDA NR1 protein (Fig. 5C ) was significantly increased as a result of glutamate receptor activation with NMDA and ACPD (50.28 Ϯ 1.45 au) compared with untreated cultures (28.45 Ϯ 0.91 au, P Ͻ 0.01). The differences in mean fluorescence density for protein staining are consistent with the differences in protein expression noted visually in immunofluorescent images and intensity measurements illustrated in Figs. 1 and 3 and with Western blot analysis (Fig. 6, see  below) . The mean fluorescence density of NMDA NR2 was less than the density obtained for cellular staining of NMDA NR1 but did show significant increases in comparisons between untreated cultures and coincubations with 5 M NMDA and 5 M ACPD (23.44 Ϯ 0.73 and 27.25 Ϯ 0.82 au, respectively, P Ͻ 0.01). 
Measurement of NMDA NR1 and vimentin upregulation by glutamate receptor agonists with Western blot analysis and real-time PCR.
Cytosolic protein lysates from untreated and NMDA-and ACPD-treated SW982 cells were employed to assess NMDA NR1 and vimentin upregulation by Western blot analysis as shown in Fig. 6A . The left lane shows a NMDA NR1 protein band at an apparent molecular mass of 116 kDa, using human brain hippocampus as a positive control for the NMDA NR1 antibody. The middle lane shows that NMDA NR1 protein from SW982 human synoviocytes isolated with a similar electrophoretic mobility, with an apparent molecular mass of 116 -120 kDa. The increase in NMDA NR1 protein after glutamate receptor activation observed with immunostaining was also reflected as an upregulation of NR1 protein, demonstrated by densitometric determinations of the Western blot analysis. The right lane illustrates NMDA NR1 upregulation with a mean 3.3-fold increase in band density for soluble cell preparations incubated for 6 h with 5 M NMDA and 5 M ACPD. Incubation of the soluble preparation with antivimentin antibody yielded a 67-kDa band in the control synoviocytes (middle lane, second row) and a mean 3.1-fold increase in vimentin after NMDA and ACPD coincubation (right lane, second row) compared with lysates from untreated cells. The ␤-actin band density is also shown as an internal gel loading control for all conditions. Incubation of the soluble preps with nonspecific goat IgG control did not yield NR1 bands in untreated control lysate or NMDA-and ACPD-treated lysate lanes (not shown). Figure 6B demonstrates the corrected band density increases between control and NMDA-and ACPD-treated cells for NMDA NR1 and vimentin, as noted above.
In addition, total mRNA was extracted from SW982 human synoviocytes, and real-time PCR was performed to amplify NMDA NR1 cDNA around the putative nuclear localization sequence (nt 1890 -2581), confirming the identity as NMDA NR1 compared with established sequences derived from human neural tissue obtained from GenBank (accession no. NM_0077327) (23, 59, 61) . Figure 6C demonstrates that the mean relative NMDA NR1 gene expression level was significantly increased in NMDA-and ACPD-stimulated clonal synoviocytes (5.8-fold, compared with control cells, P Ͻ 0.01). Further characterization of NR2 is not included.
Cellular TNF-␣ levels are enhanced with NMDA and ACPD coincubation and blocked by pretreatment with anti-NMDA NR1 antibody. To simulate conditions of inflammation in the synovial cultures, cells were incubated with PMA (25 nM). The PMA-induced TNF-␣ production in synoviocyte cultures is enhanced by coincubation with glutamate receptor agonists. Figure 7A demonstrates the enhancing effects of coincubation of glutamate receptor agonists NMDA and ACPD and PMA in SW982 cells. The TNF-␣ production after incubation with PMA alone are shown as open bars for each dose trial, and coincubations of PMA with NMDA and ACPD are illustrated using filled bars for each dose.
Incubation with 5 (group 3), 25 (group 4), or 50 nM PMA alone (group 5) resulted in a significant 25-to 38-fold increase in TNF-␣ production over baseline levels (52.16 Ϯ 10.69, 61.71 Ϯ 4.64, and 76.74 Ϯ 11.44 pg/ml, respectively, P Ͻ 0.01). Incubation with 100 nM PMA (group 6) resulted in a significant increase in TNF-␣ levels (101.66 Ϯ 10.61 pg/ml) compared with 5, 25, or 50 nM PMA (P ϭ 0.04 for 50 vs. 100 nM PMA).
Combined incubation of 5, 25, or 50 nM PMA with 5 M NMDA and 5 M ACPD resulted in further significant increases in mean TNF-␣ protein release into the media (91.13 Ϯ 13.06, 112.64 Ϯ 8.74, and 128.11 Ϯ 13.81 pg/ml, respectively, P Ͻ 0.05) compared with incubation with PMA alone. The addition of the glutamate receptor agonists to 25 nM PMA significantly enhanced increases in the TNF-␣ levels, comparable to the levels seen with the incubation of 100 nM PMA alone. Coincubation of 100 nM PMA and glutamate receptor agonists did not increase mean TNF-␣ levels (111.18 Ϯ 10.31 pg/ml) over incubation with 100 nM PMA alone (101.66 Ϯ 10.61 pg/ml). Since higher doses resulted in cell toxicity, the plateau effect attained with the 50 and 100 nM doses of PMA were a maximal effect.
The sequence of reagent additions in the cell culture incubations was assessed and found to be an important variable. Coincubation with 5 M NMDA and 5 M ACPD for an initial 6 h before addition of 25 nM PMA to the incubation for the last 18 h (24-h total incubation) consistently yielded 1.76-to 2.1-fold increases in mean TNF-␣ levels compared with incubation with PMA alone. Coincubation of both reagents for 24 h yielded the same results. If the sequence of reagent addition was reversed so that PMA was added first (for either 6 or 18 h) and then glutamate receptor agonists were added, no significant increases in mean TNF-␣ levels were seen compared with incubations with PMA alone. A similar and significant enhancement of TNF-␣ concentrations was obtained from synovial cultures coincubated with lipopolysaccharide (LPS) and NMDA and APCD.
In addition, a significant enhancing effect of PMA, NMDA, and ACPD incubations was demonstrated in primary synovial cultures derived from a patient with active psoriatic arthritis, as shown in Fig. 7B . Coincubations of 25 nM PMA with 5 M NMDA and 5 M ACPD in primary cell cultures resulted in a significant (4.5-fold) increase in mean TNF-␣ levels in the culture supernatant compared with levels seen with incubations using 25 nM PMA alone (47.75 Ϯ 3.25 vs. 9.6 Ϯ 8.0 pg/ml, respectively, P Ͻ 0.04). The mean TNF-␣ concentration shown for the primary synovial cultures from arthritis patients is lower than that for the clonal synoviocytes. The number of primary cells available in the samples was considerably fewer than in the clonal cell plates. Since primary cultures grow slowly and were not passaged, exact cell count was not repeated before the experiment. The count on the initial plating would not be reliable because of cell survival issues common in any primary culture transition. We estimate that the cell number was at least lower by a log value for the primary cultures. Figure 7C demonstrates the blocking effect of anti-NMDA NR1 antibody on the enhancement of TNF-␣ concentrations after coincubation of PMA with NMDA and ACPD in SW982 cultures. In these experiments, TNF-␣ levels generated with 25 nM PMA were used as controls. TNF-␣ levels were not increased in the following incubation conditions used as controls: 5 M NMDA and 5 M ACPD alone (not shown), 25 nM PMA with no antibody preincubation (control), or preincubation with normal rabbit serum (NRS) or anti-NMDA NR1 M ACPD for 6 h. Bottom row: All lanes were also stained for ␤-actin as an internal control. Left lane was exposed for 10 s, and all other lanes were exposed for 30 s. Similar results were obtained on Western blot studies using a mouse monoclonal antibody specific for NMDA NR1 (shown in A) or a rabbit polyclonal antibody. B: corrected (normalized) densitometry determinations of Western blot staining for NMDA-and ACPD-treated cells showed a 3-fold increase in NMDA NR1 subunit protein and a 3.1-fold increase in vimentin protein compared with untreated cells (control, *P Ͻ 0.01). C: the mean relative NMDA NR1 gene expression level determined by real-time PCR was increased in NMDA-and ACPD-stimulated synoviocytes (5.8-fold) compared with untreated cells (control, *P Ͻ 0.01).
followed by 25 nM PMA. Preincubation of the cells with a matched nonspecific antibody control (NRS) resulted in a similar and significant increase in mean TNF-␣ levels with PMA, NMDA, and ACPD (1.43-fold, 60.91 Ϯ 4.40 pg/ml, P Ͻ 0.01) compared with cells incubated with PMA, NMDA, and ACPD alone. However, preincubation with anti-NMDA NR1 antibody directed against the NH 2 terminus resulted in a specific and significant blunting of the enhancing effects of TNF-␣ concentration ratios seen with coincubations of PMA, NMDA, and ACPD (0.8-fold). The above studies with MK-801 and blocking NMDA NR1 antibody provide evidence that added NMDA and ACPD are acting on the cellular glutamate receptors to effect or enhance cellular activation.
PMA-and glutamate agonist-mediated TNF-␣ and RANTES increases are reduced by PKC inhibition. Figure 8A demonstrates that the mean TNF-␣ increases seen in SW982 synovial cells treated with PMA or incubated with PMA and glutamate receptor agonists can be diminished in a dose-dependent manner by preincubation with the PKC inhibitor Bis. In these experiments, Bis was added to the cell cultures 1 h before the addition of NMDA and ACPD. The addition of 200 nM Bis significantly diminished the increases in mean TNF-␣ levels seen with 25 nM PMA (55.52 Ϯ 3.42 vs. 47.75 Ϯ 2.97 pg/ml, P Ͻ 0.04). Preincubation with 500 nM Bis significantly reduced the PMA-induced mean TNF-␣ levels by 51% (28.48 Ϯ 2.38 pg/ml, P Ͻ 0.01), indicating involvement of PKC signaling.
Coincubation of 25 nM PMA with 5 M NMDA and 5 M ACPD resulted in a significant twofold increase in mean TNF-␣ concentrations (Fig. 8A, 111 .26 Ϯ 4.99 pg/ml, P Ͻ 0.03) compared with PMA alone. Preincubation with Bis diminished the expected increases in mean TNF-␣ concentrations seen with incubations with PMA and the glutamate receptor agonists NMDA and ACPD, again in a dose-dependent manner. Preincubation with 200 nM Bis significantly diminished the predicted increase in mean TNF-␣ protein concentrations seen with coincubation with PMA and glutamate receptor agonist by 40% (44.69 Ϯ 6.42 pg/ml, P Ͻ 0.01). Preincubation with 500 nM Bis completely abrogated the predicted increase in mean TNF-␣ protein concentrations seen with coincubation with PMA and glutamate receptor agonists (P Ͻ 0.01). Figure 8B demonstrates mean RANTES concentrations in SW982 human synoviocyte cultures with incubation of 25 nM PMA alone, 25 nM PMA with 5 M NMDA and 5 M ACPD coincubation, and coincubations pretreated with Bis. Significant increases in mean RANTES concentrations were seen in cultures treated with PMA (310.23 Ϯ 44.04 pg/ml) compared with cells not treated with PMA (Ͻ30 pg/ml, P Ͻ 0.01).
Significant PKC-mediated increases in mean RANTES concentrations were also seen in cell cultures coincubated with PMA, NMDA, and ACPD (582.07 Ϯ 76 pg/ml, P Ͻ 0.01) compared with RANTES from control cells and compared with PMA-treated cells (P Ͻ 0.03). Preincubation with 50 or 200 nM Bis significantly diminished the mean RANTES concentrations expected after coincubation with PMA, NMDA, and ACPD (151.72 Ϯ 12 pg/ml, P Ͻ 0.01 and 79.65 Ϯ 22.64 pg/ml, P Ͻ 0.01), respectively, compared with PMA-, NMDA-, and ACPD-treated cells.
Histological confirmation in rat inflamed knee joint. The presence of glutamate NMDA NR1 receptors was confirmed in histological samples from control and CFA-inflamed knee joints harvested from rats (Fig. 9) . In uninflamed knee joints, the thin outer layer of synoviocytes (Fig. 9A) is devoid of NR1 staining (Fig. 9B) . The outer synovial layer is highly proliferated in inflamed knee joints when observed histologically (Fig.  9C) . The synoviocytes in inflamed knee joints have abundant staining for NMDA NR1 (Fig. 9D) .
DISCUSSION
Glutamate receptor activation of synovial cells. On the basis of histological evidence of NMDA NR1 in rat synovial lining as well as the correlation between human synovial fluid glutamate and aspartate content and increased synovial fluid chemokine concentrations (31), we predicted that 1) human synovial cells would express glutamate receptors, and 2) the release of EAA in the joint would activate glutamate receptors on synoviocytes to ultimately modulate or compound the arthritic processes of pain and inflammation.
The present study demonstrates that both NMDA receptor NR1 and NR2 subunits that are required for functional activation are present on cultured human synovial cells. Activation of the synoviocyte glutamate receptors with specific agonists of the NMDA and glycine activation sites increased the inflammatory mediators, TNF-␣ and RANTES, that can further influence cytokine and chemokine release. The findings reported in this study provide additional evidence of a significant role for neurotransmitter glutamate in neurogenic inflammation through activation of its receptors present on nonneuronal peripheral target cells in the knee joint. This delineates a novel and important pathological mechanism in arthritis.
Calcium mobilization responses to high concentrations of glutamate have been reported previously, indicating the potential for initiation of functional cellular responses (5) . Incubation of cultured synoviocytes with the specific glutamate receptor agonists NMDA and ACPD (glycine site) in the present report resulted in significantly increased cellular detection of NMDA NR1 and NR2 subunits that was blocked by the noncompetitive glutamate NMDA antagonist MK-801. An increase in NMDA NR1 protein expression was also seen after synoviocyte cultures were incubated with the glutamate NMDA receptor agonist aspartate.
Increases in NMDA NR1 subunit in synoviocytes were seen in both cytosolic and nuclear compartments after glutamate receptor activation, consistent with previous reports identifying nuclear localization sequences in the NR1 subunit (26, 28) . In the previous reports, transfection of neurons with selected glutamate receptor subunits to produce nuclear localization was found to be lethal to the cells. However, in our study, glutamate receptor agonists increased nuclear localization of NMDA NR1 and mediated increased TNF-␣ and RANTES production in synoviocytes but did not increase cell mortality, as determined by LDH release and trypan blue dye exclusion, up to 24 h of incubation, which we routinely monitored. Glutamate receptor activation with NMDA and ACPD also increased intracellular expression of vimentin. Vimentin is an intracellular protein in fibroblasts involved in early cellular activation that may play a role in intracellular transport (1). Other fibroblast proteins that are frequently upregulated on cellular activation under certain conditions, ␣-SMA, CD11b, and CD21, were not increased. Upregulation of vimentin stresses two points: 1) that vimentin is a downstream consequence of glutamate receptor activation, and 2) that the glutamate activation events are selectively targeted to specific functions and not just globally noxious to the cells.
Glutamate receptor activation enhances TNF-␣ and RANTES expression in synovial cells. Coincubation of SW982 synovial cells with glutamate receptor agonists that activate both the NMDA and the glycine (ACPD) activation sites and with PMA to simulate an inflammatory state resulted in significant enhancement of mean TNF-␣ and RANTES levels in the supernatant. Coincubation with glutamate receptor agonists markedly decreased the amount of PMA needed to produce the same response. The enhancement effect could be blocked by preincubation with anti-NMDA NR1 antibody directed against the NH 2 terminus (blocking antibody) or by pretreatment with the PKC inhibitor Bis. Higher suppressive doses of Bis are required if TNF-␣ levels have been enhanced by coincubation with PMA and glutamate receptor agonists. Preincubation with the specific PKA inhibitor KT5720 mildly decreased TNF-␣ expression in synoviocytes coincubated with PMA and NMDA and ACPD (not shown). This suggests that glutamate activation of the NMDA binding site acting through a PKC-mediated pathway can activate synoviocyte production of TNF-␣. Intracellular signaling pathways activated by proinflammatory cytokines in synoviocytes isolated from human synovial tissues from patients with rheumatoid arthritis and osteoarthritis have been well delineated in other in vitro studies (10 -12, 55) . Activation of signaling pathways involving p38 are proposed as important signaling events in proinflammatory pathways in joint tissue (12, 16) .
In related previous studies, addition of L-glutamate to primary cultures of synovial cells harvested from patients with rheumatoid arthritis or acute gout increased concentrations of TNF-␣ released into the culture supernatants (31) . The levels released by the isolated cells were equivalent to levels of TNF-␣ we have measured in patient synovial fluid. Significant correlations also have been noted for synovial fluid glutamate and aspartate content with increased synovial fluid chemokine concentrations of RANTES, macrophage inflammatory protein-1␣ (MIP-1␣), and IL-8 (31). In another report by Flood et al. (5) , glutamate-induced increases in IL-6 levels were measured in cultures from rheumatoid arthritis patients that could be blocked with NBQX (2,3-dihydroxy-6-nitro-7-sulfamoylbenzo[f]quinoxaline-2,3-dione), a glutamate AMPA receptor antagonist. These studies provide evidence that synoviocyte glutamate receptor activation acts as a priming mechanism to potentiate production of the inflammatory mediators TNF-␣, RANTES, and IL-6, and perhaps MIP-1␣ and IL-8. The importance of priming first with the glutamate agonists for enhanced TNF-␣ release with submaximal dosing of PMA demonstrates that glutamate receptor activation in nonneuronal cells acts to potentiate the activation mechanisms through selective signaling pathways in a manner not that different from long-term potentiation mechanisms in nervous tissues.
Role of glutamate receptor activation in peripheral sensitization using nonneural cellular targets. These data and other data in the literature demonstrate several glutamate receptordriven consequences in peripheral nonneuronal cells in inflammatory states. The results presented are consistent with a role for the synoviocytes as another example of a nonneural tissue targeted by peripherally released neurotransmitter glutamate. Targeting synoviocytes would initiate inflammatory responses of synoviocytes such as release of TNF-␣ (31). Thus further data have been generated for a role for peripheral nerve terminals in signaling and mediating responses to local injury and inflammatory events in the joint (22-25, 31, 34, 37, 57-59, 62, 63) . Upregulation of its own receptor population, as well as inflammatory mediators TNF-␣ and RANTES, suggests that glutamate receptors are responsible for a neurogenic feedforward paracrine event targeting peripheral receptors on local cells that can perpetuate inflammation and impact pain states. This has been previously suggested as a mechanism to explain the discovery of glutamate receptors and GLAST, a glutamate transporter on osteocytes and glutamate receptor regulation in bone resorption in pathological states (2, 7, 8, 15, 21, 24, 29, 30, 35, 41, 42) . It is known that TNF-␣ can directly activate peripheral nerves (18, 61) and can increase inflammation by stimulating fibroblast proliferation (60) and increasing production of cytokines, chemokines, and enzymes that promote joint destruction (56) .
The data directly support the hypothesis of glutamate-driven neurogenic influences on arthritis proposed originally by Westlund and Sluka (49) involving peripheral and central sensitization through regenerative feedforward mechanisms. In subsequent studies, data were provided showing that 1) peripheral tissue damage releases glutamate and other neurotransmitter amino acids in the spinal cord, 2) dorsal horn sensitization mechanisms ensue, creating reverse sensory nerve firing directed toward the periphery, 3) neurotransmitter substances are release into the periphery, and 4) enhanced peripheral inflammation and nociceptive responses interpreted as pain continue in a vicious feedforward cycle (3, 22, 25, 31, 32, 36 -38, 40, 43-54, 57-59, 61-63) . In fact, it has been shown that joint inflammation is significantly reduced in experimental arthritis and in patients with cut peripheral nerves (19, 44) . Lidocaine injected into the joint to block nerve transmission also reduces glutamate release in the joint (23) . Specific glutamate NMDA receptor antagonists applied to the spinal cord, intraperitoneally, and, of more relevance, directly into the joint, reduce pronociceptive behavior induced by inflammatory models (39, 25) . Downstream consequences of glutamate also have been shown by administering antagonists to the joint to reduce blood flow (24) .
Previous studies have addressed the role of glutamate receptor activation in other nonneuronal joint components, including osteoblasts (2, 13-15, 21, 29, 35, 41, 42) . Activation of glutamate receptors on nonneural target cells has important cellular signaling functions in chemotaxic, bone remodeling, and inflammatory events (7, 8, 24, 29, 30, 35, 41, 42) . Activation of cultured rat osteoblasts and osteoclasts with NMDA receptor agonists has been shown to increase osteoclast resorptive foci in vitro (2) . Glutamate receptor antagonists decreased bone resorptive foci, suggesting a functional role for glutamate receptor agonist activation in osteoclasts during osteoporosis. Thus functional activation of glutamate receptors on bone has been shown to contribute to remodeling and destructive bone resorption in inflamed tissue.
In the case of arthritis, the etiology of the inflammatory cascades in arthritis initiation and persistence are multifactorial and presumably start in the joint. The release of neurotransmitters into the joint capsule can occur as a consequence of damage, noxious or infectious stimuli in the joint tissue, which promotes the establishment of dorsal root reflexes. In some diseases, such as rheumatoid arthritis and viral arthropathies, there may be common end points in which arthritic persistence (perhaps in part driven by self-regenerative neurogenic mechanisms, such as dorsal root reflexes) can continue, presumably long after the initial insult has abated. Thus, in human acute and chronic arthropathies, the elevated levels of synovial fluid EAA (31, 32) from damaged cellular tissue and EAA shown experimentally to be derived from the nerve terminals (25) could activate glutamate receptors expressed locally on synoviocytes to enhance cellular activation, inflammation, and pain states. Diminution of joint edema and allodynic behaviors by 50% or more with glutamate receptor blockade in the spinal cord, afferent nerve lesion, or intra-articular glutamate antagonists provides support for the role of neurotransmitter glutamate release in significantly impacting inflammatory events occurring in the joint (19, 23, 37, 44, 49) .
Activation of glutamate receptors on human synoviocytes in the periphery is another important neurogenic component of the pathological event sequence occurring in inflammatory conditions. Glutamate receptor activation is an important factor that results in the upregulation of specific cellular proteins, including inflammatory mediators and its own receptors as shown in the present study, and as a synovial cell proliferation factor producing the synovial lining hyperplasia present in inflamed joints (34) . Characterization of peripheral nonneural glutamate receptors and subsequent intracellular activation pathways in synovial cells may provide novel strategies to significantly decrease neurogenic inflammation in arthritis, either as a monotherapy or to complement currently available therapeutic agents. 
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